ABSTRACT Microbes inhabit diverse environmental locations, and many species need to shift their physiology between different niches. To do this effectively requires the accurate sensing of and response to the environment. For pathogens, exposure to light is one major change between a free-living saprophyte lifestyle and causation of disease within the host. However, how light may act as a signal to influence pathogenesis, on the side of either the host or the pathogen, is poorly understood. Research during the last 2 decades has uncovered aspects about the machinery for light sensing in a small number of fungi. Now, Fuller et al. have initiated studies into the role that light and two photosensor homologs play in the behavior of the ubiquitous fungal pathogen Aspergillus fumigatus [K. K. Fuller, C. S. Ringelberg, J. J. Loros, and J. C. Dunlap, mBio 4(2):e00142-13, 2013, doi:10.1128/ mBio.00142-13]. Light represses the germination of A. fumigatus spores and enhances resistance to ultraviolet light, oxidative stresses, and cell wall perturbations. The phenotypes of the strains with mutations in the LreA and FphA homologs revealed that these sensors control some, but not all, responses to light. Furthermore, interactions occur between blue and red light signaling pathways, as has been described for a related saprophytic species, Aspergillus nidulans. Genome-wide transcript analyses found that about 2.6% of genes increase or decrease their transcript levels in response to light. This use of A. fumigatus establishes common elements between model filamentous species and pathogenic species, underscoring the benefits of extending photobiology to new species of fungi. P ick up most textbooks or general review articles that discuss signal transduction in fungi and the "usual suspects" will be featured: G protein-coupled receptors, small GTPases, cascades of kinases, and the small molecules and proteins that modulate these core components. However, one of the signaling pathways best studied from the perspective of fungal evolution is actually light sensing, specifically detection of blue wavelengths by a pair of conserved transcription factors (1, 2). The ability to sense light has not been maintained in all species; i.e., some fungi are now blind, most notably the yeasts, including the model Saccharomyces cerevisiae and the human pathogen Candida albicans. The whitecollar (wc-1, wc-2) genes required for responses to blue light were identified in the filamentous fungus Neurospora crassa, and homologs are found in other fungal species. The effects of light on fungi still remain largely to be elucidated. For instance, it has only recently been appreciated that other photosensors operate in fungi, such as phytochromes for red light sensing and cryptochromes for blue light sensing in Aspergillus nidulans (3, 4). Research using species other than the model filamentous fungi promises to advance our understanding of how fungi use the daily signal of light from the sun.
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Fuller et al. investigated the effects of light on the pathogen Aspergillus fumigatus (8) . This filamentous species is a worldwide saprophyte and a clinical problem in immunodeficient patients, in whom the fungus establishes disease after inhalation of asexual conidiospores (9) . One hypothesis is that the stresses encountered by the fungus in nature have selected for the ability to grow within a weakened host. The altered light regime between a saprophytic environment and that within the human host is a potential cue for the fungus. Analysis of other signal transduction pathways for sensing the differing conditions outside and within the host have revealed components for successful adaptation, such as to oxygen levels (10). However, there has been no characterization of the response of A. fumigatus to light.
One reason for this lack of research is the absence of a dramatic effect of light on A. fumigatus in culture, such as a change in sporulation. This is in contrast to laboratory strains of its relative A. nidulans, which, for experimental convenience, carry the velvet (veA) mutation that suppresses the effects of light and promotes asexual sporulation (3). This careful characterization of A. fumigatus indicates that light and two putative photosensors have many effects on the fungus (8) . Light causes changes in growth rate, hyphal pigmentation, conidiospore germination, and resistance to ultraviolet irradiation, oxidative, and cell wall stresses. About 2.6% of genes have higher or lower transcript levels in response to light, as estimated from microarray analysis.
Light of both blue and red wavelengths affects A. fumigatus. The genome was searched for candidate photosensors, and Fuller et al. mutated two genes in A. nidulans that have characterized roles of perceiving blue (lreA, the wc-1 homolog) and red (fphA, encoding phytochrome) wavelengths. The loss of these genes abolished a subset of the responses to light but not all of them. For instance, the protective role of light to subsequent UV exposure was unaffected in fphA and lreA single mutants and in fphA lreA double mutants. The other photosensors or light responses in the absence of the two characterized photosensors are worth further investigation.
Light sensing may be involved in fungal virulence. Analysis of wc mutants of Cryptococcus neoformans revealed a contribution to disease causation (5) . Fusarium oxysporum also requires the wc-1 homolog for virulence; curiously, the decreased virulence of the wc-1 mutant is in an animal disease model and not on its normal plant host (6) . Recently, wc-1 has been implicated in maize disease caused by Cercospora zeae-maydis by reducing the tropism to the stomata used for gas exchange on the leaf surface (7). The mechanisms by which wc-1 function affects pathogenesis are not established, nor have roles for other photosensors in pathogenesis been assessed.
A prediction based on the effects of light and the lightregulated genes is that light and the two photosensors will contribute to the ability of A. fumigatus to cause disease. First, spore germination is inhibited by light: the conditions in the lung would support germination. Second, mutation of the lreA and fphA genes reduces oxidative stress resistance and cell wall stress resistance, properties important for hyphal growth within the host. These findings provide possible explanations for how light sensing impacts pathogenesis that could also be explored in other pathogenic fungi. A key future experiment for A. fumigatus is to test the function in the pathogenesis of the lreA and fphA genes.
A comparison of A. fumigatus and A. nidulans, in which the effects of blue and red light and the corresponding photosensors have already been investigated, can help clarify the evolution of photosensing. In particular, the two species have active red light responses, which is thus far uncharacterized in other fungi despite the presence of phytochrome homologs in their genomes. In the two Aspergillus species, phytochrome regulates the inhibition of conidiospore germination (11) . A. nidulans exhibits physical and genetic interactions between the blue and red light signaling components, with a large photosensory complex formed that includes the LreB protein acting in blue light responses, the FphA phytochrome, and the VeA velvet protein (12) . In A. fumigatus, there is a genetic interaction between the two pathways, so a similar complex may also function in this species. Exposure of A. nidulans to light alters transcript levels of about 5% of the genes in the species (13). Fuller et al. commented that there is little overlap between the light-regulated genes identified in A. nidulans and the 2.6% that they identified in A. fumigatus, with the caveat that the two experiments used different culture conditions. A side-by-side comparison of the wild-type and photosensor mutant strains of the two species exposed to light and dark would be a powerful approach toward understanding conservation and divergence in the transcriptional responses to light. Thus, the use of A. fumigatus can establish how common overlapping regulation is within the Aspergillus genus or Eurotiomycetes class.
While N. crassa has led the research in light sensing in fungi, especially the study of how the WC-1/WC-2 complex is integrated into the circadian clock, other fungi have also emerged in the last decade as models for research on the responses to light (Fig. 1) . Here, Fuller et al. demonstrated how rapidly a new species can provide information about light sensing. This is facilitated by the available genome sequence data, which can be used for bioinformatic identification of photosensor homologs, the design of gene replacement constructs, and expression profiling using microarrays or RNA sequencing. The one drawback for A. fumigatus is that the tools of classical genetics that are available for A. nidulans (14) are still in development for A. fumigatus (15) . This limits the ability to assemble strains, through crossing, with a suite of genetic manipulations.
There are open questions about how fungi sense and respond to light for which the development of new species for research would be ideal. These questions include how photosensors are distributed and function in different species (e.g., those taxa with little research), what role photoperception plays in virulence (e.g., in plant pathogens), what is the central oscillator in the circadian clocks of species without a homolog of the N. crassa frequency gene, whether circadian time influences disease, and how the sig- Commentary nal transduction pathways from light cross talk with pathways signaling other environmental conditions. Future analysis of A. fumigatus will continue to provide insight into these matters, particularly with respect to the role of light sensing in pathogenesis.
